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Abstractwith the blades. In fact, the vortex wake is an important Ole-
meat in all helicopter problem including performance, etruc-

A numerical method based on the aXIsymmetricM incom- tumrd Wade, vibration, stability, and. noine.
preseible Navier-Stobes equations a combined with a lifting Method. which assume the vortex interactions to he invin-
surface code to predict the vortex wae of hovering rotors old have pove very useful. The flow fil is represented an
The lifing surflace code, AM! Hover, is used to obtain the cir- a and=e of point or line vortices, then traced in a Lagrangian
culation distribution on the blade. This circulation distribu- frame. Unfotuately, a substantial amount of numerical damp-
tion is fed into the Navier-Stokes code to compute the vortex ing in required to converg the solution because of the singular
wake under thin speciie circulation distibution. An iterb. behavior of the point or line vortex; this numerical damping
tic. approach is used between these two codes to converge the might disub the %oe-free conditions of the flow fied. Panel
circulation distribution and the shape of the vortex wae. A methods hae been sucoesefual in predicting the Performance of
relaxation scheme is developed to resolv the instability en- a hovering rotor, but their role in free-wake prediction in lams
countered among the tip vortices. A reconcentration scheme is satactory.
used to solv the dManuion roblemn due to the strong artfiia The pres ethd represents the vortex wake an a conl-
viscosity. The results from the preen method are compared Sinuons distribution of vorticity. A Gaussan distribution of
with experimental data obtained by .noke-flow visualization voricity is esnumed acres the vortex wake. The vorticite
and hot-wire measurements for several rotor blade confgure we traced in an Salarias frame. The movement of the vest
tions. The comparisons show that the resnt method is a"l wae is govene by the lcompremible, aiy trcNavier
to pr~edict the complex wae system shed by a hovering rotor. Stokes equations. It wee huead, tha representing thee vortex

wake as a cownus distribuation of varticity is awre ees
I~indinIfi then representing is a a swime of POWtor lift vortices. The

remeals" tht Ieeig a vore sheet a a lover of oontinu-
Vortex-dominated flow fied. ar frequently encountered in ows distributing vorticity eliminate singularities in the camps-

the light operations of fixed- or rotary-wing aircraft. The var- totional domnain. Although there in stOl instability among the
tex wake shed by a hovering rotor is one of the mak Complex tip vartises, there in w instability in %he inboard verten dsheet.
flow A"ld in aerodynamics because of the highly nonlinear in- Somet of the tip vertes: instabilities obseve in numwerical ems-
teraction within the wae systm and with the rotor. Complete ulatlons des*l reeml these obser e nbower set. The
prdiction of the flow fied is dicult, eince the webs ss nue.a tip-vaote Instability seep be cwned by dhe ustable
is extremely unstable an is confirmed by experiment. The dif. chaaterkstic of she webis sysem and net nesesaril by th
ficulty aleo lie in the uncertaintiesecountred in predicting numerical scheme. A relaxation scheme is eed ind the tratian
the flow fied, sock an the appropriate model of the fw wake Irocedu- to stabile. the tip vertices Diftede r art&ie
and the disparate length Sas sociatd with the gesratimn, Viscosity - another 1rbe enematerI in this Work, whic
interaction, and eventual decay of the vortices, Wee sove by periedicafy applying a reeoasettien schsee.

However, hover capability is ems of the most important de-
sigoale for helicopters and other vertca tabs offend land- 0 an qeo
ing (VTOL) aircraft, sice these arcraft we designed to take M assaspes end governing equstisene Im diri be.
offend land vertically, ad to hover far a relatively long time low. In the caleulation of She vortex wu. hed by a Gaedwing
1owesu attempts and other perpese awn. Hoe pefrac nacaft, is is olkn aseed that the II Ihemre srd ent e
pedictiont is als astn becanse of the piephad topso omenll In the -os of a rate in hsever, en enslegnee aslen
Weigh rati of ouch sircraft and the reuiem , to hover out is made; tha beeanee the circumbretiel araien smallS,
of ground elec. In predicting the performance of helicopters, tw e aeesin Ieeomn of -Ie vete Ie-b eu
the vortex wake she by the blads is a crucial eesum because to a timseddn minvematri ceultia Ill.
it sys clams to the rotor plane end hen a strong interaction The Noew is seeswi to be vIneasid Wnamprole. ff

hea flow fiel in obseve from an inertial cylie&rical coord

t Remsh ~d@% UmweW ll I g ~wnotea epbtm ( (?.*.a) wobre r and 0dellas the Plane of the

I~h.Msws -I Dw~Ldmae by a wator in hover is 1 3a end tbre -mmine.
*mm 3 Sdnlobe Umber Al"A obseve fro neietu ced eoteero ne.wit

This~~~di peerase,. _ Made, the flew field appeas to be steady end threThi paerIn m~ed ww o ftUS 0 W amswied.The inetia cerInt systeme is Converted int

Owafwe I in o pbt dwsin



a soaiautial oordiate spoa by app* doe 1,lu 1 i. She- dos i.Mmie mWOWedge. The WWiia voiticity dietributiom
ditiams imso be obtalie by ether mams on& as froms expenmemia

r rdo" a mu Iim MlIfaree (or Wlift-l) cakuwaiom.
A Nblmg~inbee caeakmde (2j df he blade load diatrihuti

# S -fk isgod to dlam he 6 nital vurtidty dietribstis ate
8 - a indWork.
t - # Two sm fboundry vhms we qmiaedims cakula,

Sonm. Ow06d adS mf dbondary vanee of vorticity hr the
Tbesr-e blade rotasse wish angularspud 0l abedt the s-exis wntift Wil~ equdtien. The ote is dsth mt ounamd.
The thimwdinsmulma leow Add is hurth., r -d'eis i us. my islam of aii ifte hr the Pamsquatic.. The
edaub &Wqhyre lAm Ikd by mumming (1) doe dimhr-d INee sbed by a bMade am noeded by the Lamb vortex 131.
sadial velogiy cmponentd lpiune adlood are milglb
aad (2) he ie of chimee or %be voheity padlufdin n thci-l ~C'c - reSP I(2

_ __l o s 1 e - 4 (1 )

whbam a, 9, and w we vuledisis in Se P, 0, and s Anmeism, -a radiv. hve s e les of the umaxiinmi velocity
and p is pre TW a nmpeno s a snddghhws .w of doe vaes, and t o ishe kinematic or eddy viseogity. The
teming of.a penigeeuu end in id-whg anmbiesm omih streugk at She vats is r, whis detemined

ndup s steady At--- 1-s efg wb wai." mol. by Sdo criom dliime of is asighbsig poait on the
calsatio to em ndi Ww~lid aswoold.~ The Zi MLe

veapis Iever Stim of doe ow*d1=omdu (is She aim of RK an& Limb Von=e, dhe vaticity disip expoimtialy
lAidrw4n or Ihj e- I Nshe -of. aider In haver) heas ift slow
lour idm repeintd Sh -imeh I evilP - of Se snew
imemidmal lem. The imoud"Ing a Iy Ind mk* d c - O(vW)) Of (I + Go)" i

() Tbomes, seve l =Mi med an Sde bounary an i n.-
-I ftsj +GWOai asd goimembi emmqpmso loas Uboundary7i

-l! wa to I OW~ Won)( ~dner veissIn lan unbounded domain in wh&idhe
~ r Ca p poom mm so no #W sa She veetg m the au

(4)" gaslm be btaied by
P(4)

and She mLees i m "Water is

±(, P±...) +. 0whim
Or Or -0 ("Iaa)+ V2+ r"- 2W am9lI (16)

noe tat An oboe equadam amgo n the A qi. and f(de, ,) is She valoe of She PiriMky as position (go, ro)
Ahh* rip.ommg siumhomd Adevie" of am su. an aml
Equdevm (SM$() ame he M iI - v in ninm sehe.a Ths ebeve agoodm now be axpomied as sineei solution if
famrn. Inu as bdw dhe 1-3 ide a &fiel disance [&I. A ver Acism

OL- ft - -Li o -0 te pneSeem owoa md f Wasumby lmneelui
S do Now, i doe the mume of Ase b e A-y in an wait"bh

hr do ae msobInm. Divste Wapetiem of kq. (16) in nee

bu 0 isv (he somm eked.es the bemur voslam is thene asmImt r

4k am vinSfl transpot eqAus-m. i 0mb e DefInt-Ftembei methed
17 - -F and th a" is do W~m~@dreIemipllei mehed. Al.

is qvb 60Wases f d ew" ad d th s time atps
I C Si6 mks Our doe midim of the am time oip. Poi the piemm

Ido gone door bid a lknowns a ashm qde; she mini.
U -matins~ of dhe le lIdW am timeop be misoiie Is

The simun that. 0 montilk Uesdo h am i so the comuation, a -ve Ieap of veruteiy of the sme armogth
bedam oedo 1h b-d3 lop.r ofthe blsmm ftimg and distribution s s mii veeticity a added to the om
MI 40d (6) Sips~n wit A th hus d I be --ve eeadiden puld d demi to ripem the uuta *hAm Ae by the

sosidboban-'&e andup vadin. pem The hind ow pumn bludo Thinuam Ilap, of iuitiity n added a essedy
Mani *m~vo phriee* to an wertift diswibudem as Ase im wo aMads pao by. At that moment, the only

# rn4 nd a a" divense Www-mmai domm of kdme iue n AM ta vertes obset has beam AWe by the

a a9 asu6 Ik f j %% Mf N al&1 1) z I W 1 a fz Wst i ' 6A 0 W6'k



blai.; there isao inoratdon amone tit ahead. Theveiore, tarmined by the numerical stablty criterion imposed by
another metho a needed to calculate the low &al as the the Dufort-has method.
begining of each w cycle. The atrtIng.ecimipht uni ante.ld sb yi

methbod in chose to accomplish titubecause thi methodgP i m~Wuti nthrbae oseby yi

require only the solution at the presen tieete to a"do he it Wmk~ about 50 Use stop5 to integrate the vortex wakge
solution ateo ut tinv*ad from oe bled. pumep to another for a two-bladed roto.

The costational procedures of the Navier-Sobse calc The vortex wake of a bovering rotor is extrmesly unstable,
lations wre descrbed in thi section. The calculation starts by a mal perturbation can sthmulate the instability, as n wwls
estimating th ebape of the warts webs. This shape is need as moirened by eperimn. The inetability of emall perturb.
the input to the lifting surface code, AM! Rower, to obtain the tione to tOn vor&ex wakie of a howering rotor wes investigated
circulation distribution on 'mbldL h circulation ditie by Miss eta&1. 17 They converted the stability problem into an
tion is thesneed as the input to the Navier4tobse calculation. sissaulve problem ad solved it nuineriicaly. They found that
The calcuao is terminated when the shape of tdo wrts. most Of the MSMigew s ware complex and may had positve
wake under this speciled circulation distribution P-vrge I rea Pos, which indicates asimerous uste modes. There.
The converge wae shape is again used a the input tA 6 to a time-maerching approach is probably not adequate for
AM flower code. The output or the circulation distribution In ", prolem sinc th approach assmsse the system is sta
th esed as the input to the Navier-Stobs calclation. 7%k. and the perturbetions will he damsped out during the marching
proces s arepeated until both the shape afth wa vrts. wa a proasse But the vertex wake of a hoverin rotor as unstable,
the circulation distribution on the bMade converge Nf an unon Ines the tip wortios m the source of the instability, an itera-
tradted wortex webs Is awssed as the initial wake, it usually tio 5PPO plu a relaxation 5cbsee wre used to investigate
teae seven iterations to c"ovrg the relt hr two-bleded Shist A'
rotorsa aim - aioe, for bu-lae moe Kf a be I the Iteration approach, a -~ lae of warticiy (or a
initial condition, suchi as the wae decie by Laiproas wrts.; sheet) identical So the one intially placed on the re.

rawhod wbsequlins , n ad.is I onl tese to plans is added to the roor plane at the Usns correspond-
to1 is iteraitions. ing to a blade pumpe. Then the las laye of worticity (an

As iteatio approe is need inside the Newui~ortbe eel. inbesed warkes: oboe& plus a tip wadte.) is removed, heeping
culatis. Ths calculation starts by distributing Alve to eigh dhe snber of warticity layers constant. The corresponding
frea-woorvewrten shew Each wastes sheet is mpnm by bkhkil-Votlly distriuio is gPnrfAtd by summin a seie
the superposition of a serise of Lnd wetese. The egksah of indviua Le"b vese aeng the coesptanal grid reP.
at the mab wstiMss e determine by the chang in lead dis. resiogfte rotMe blade Ill. DwMn blade passges, the &m
tributwe (otie 6ous d AMJ flwer and) between grd flod is breefre, ie., the Vertioseae according to their Me-
paints with the amera of each wrts prescribed! to be Mea bintreise. Whenever a blade poes by, the positions of
a Axed perentag (in s cmw, 2% ) of the blade riu 8. the tip vartiosse relaxed by th bowing hamula
Initially, the geomery of thi was. cat is d1eu1be by- -d)(?

Landgebe% prescribed wae "eqas M4. bet the sbape of +w "-4)(7

the waes Is determined by the setuel kfntrctie of the webs (+
deent ater the calculation baomn A -IminIitN ves
cylinder is cen as the for wake and is plsed below thes ubme r and iP' represent the now radial and axial oer-
kehtss we vens ased w"the ts -- ww o radius of~ dnaten for the sent Imp of iteaOn, 1" and 4"N rep-
the tip vest of th l mwfeevss obtwim -. If- M ena tdo Gerd"Inat atsh Ien a the preeo I aop. IM and
determined by the strength and deseendins vehelt of th 4Mt represen th enserdiates at the beginia t thed present
freeti merte.. As the tMoe -se-epen-i11 to a blade pumpe, Imep, and w is the relaxation biter. A relaxation factor of 0.5
the lkA hesowerown sheet is remove and a new werse sheet, and 0.25 ar nee fl the calculations of twxP- and bur-bladed
th ie- and thniia vertex shee that are Oweed an than- M- n~a spet
'or pane, is added beto bee plans, beeping the number of The Wdea of the relaxation is similar to these idem need
Uh wa be-ere sets eostant. The relauation scee (whtish in the ethe relaation seethed., such as n h veer-relanaton
will be supleined later) is ales eapied to Ahe tip alse as mes=*,ed Laheln M theo elliptic diErsawa equations. First,
time sPn aspu thesbay 6M o w" "inin The own waoew in seaoen is duno to eait, the the searchin
is low e-fes and moee by it amn intaeusn blem blade da=e by rnIn a p -p1se initial 5elhtiss, and the "nal

passage. It tahee Awee 20 s of CPU tiea he Crew soltis a pproached by reducing the ere between sums.w
X-MP/41 to aenverge a wasten waes by the Nnvlerteh cal& slye N kiea In order to apply the relaxation schsee to tho
culeuin tip wartISm, am& lewer ofMUK vrca sprate Unt two pats,

The waste. wake is imegrated step by ste beni ay two doe Up weeton and the inboard wartes sheet. The seration
ble pm . Mt eAc tmee sup, An comptatina Prac, paint is the wourn circulation on the blade, since itm wow
an. is:omed tha the tip warts. rolls up baom the blade tip to the

1. ~ ~ ~ ~ ~ ~ ~ ~ ~ ~~psto Cacfat th aneyvw fse temtnte y- a mns circulation. The tUp warts. and iIboardI
1.Cusing Edo (35 waste. shee do ofee md yWHM OStored in dilEnt array Wheneve the relax-

Isinatle Il 1) eshe&m is applied, the ,ent-oi and strngth of esch tip
2. Salv the Peimna equaio, sq. (I), to btai doe dste wars is celaluatd by the imn rul Ill The centroids w

acstion. meed tok An lcatios of tip vertices is the relaxation schiee
Ansther -tbs eonteredl b&or AmiGngu rsults We

S. Obtain the weleclty %Ml eshed Worn e tlan Md ebtinied is s dINimo (or wUtica v iscosity) proble. Thi

4. 1 e-at sh wase. wake evsep fo0rewed by th e wr- psuIle origiatle fbom the large gri sim used in the meeh
sdtp soeet equation (Eq. (1)). The tie step is de. systein. The thichnowe of the vortex shee just she by the



blade hi le obm. OAS of doe blobderadlus M. Assores to a beter MWle condition fer %he compex Navigr4kah.. ernie,
3M (24, hadbu 16 VUl poeftavs a Lm~ovoa emve Juona ThemW of dhe mmesnaesd OeNa wake so an initial
in ammmy to "W"a mission suomrmmdibmSe1. Timb; Osmim. h of madei hisrook but cetaialy Is a" ractce.
beon doe opeliIMV of .aepoue hI s - hur. le.

The gel d. modl ishe9 eubelam i 1% of the blade Frg.. 2 mnd I eke. she onuverging proem of the c",
radius (do somer of VWl polaesh do ke ou .ma le hi11, culaglom diabilbutas th Se blade. Figures 4 ad 6 ohow the
med i 513 iashet oaboles). Boob leper of vertt remsfesa .warlm I i pocs of do e hapeofdw ghoere wake. FrmM them
i the omputatilm annl mia r a to oII blade Pumaps, Ag... we ow on that whem a uacoatracted vortee wae.

depending apmm Ohe umer at veetlml loper add In is 16- SM meemmd, ea ciurculaion is re aey I", ase the
matin poeemse. The vucls continuem to Mse during the lip wadn= amuet s he blade bas a waker istetm with
ommpsea~eda preemna a askm of hd mu strul el wis. dhe blade. The immism i a wades wake which sep cleeor to

cooeo. Dilila lopin of vudftl overlop Aw er to three dhe Dow plan.
blade popi Thes intradeo smein their leesradmm med The pu value of Ohe circulaion as the blade mamma to he
eventually emmme s Msatam to diverge. She dmmub"~ donne in deterininag the eha of the waoe.

To avoid Ohe erlappag a reeeaeali mcbme hi mmd. heo *p Vedas smoet to she rater plame hb" a decmiva a.
Thin mcbhme bi applied at dhe tim of Mlade pwne. UI sip asem the6 thrad emoecima of the rotor. in geja, if the
wae.ei -m remoutae -1 osL wads. h etemth ith tip veroe aeme to din ruor plane SP avche to the roter
sm me so e dorlglam Up vaerte, med he radi" of dohem -Phm, k5 A" NO Ime the thrust coebfiimat, through and iig
is inmed to he twine wgold done (296 f the blade radhe A ad welauitem to the hihod Mlade. Theme dowaward
in the Ism" OWN). Each iboard vedn= sAmes a d"vde he. Voloeltlmdee m the eagl of ttach is the Nahoar Peru=o
muhdlWimm aimng She -hdooesm. tipiaft wiM ewey be ged of she blade and there1bre deedw h threat oebfiest. Al-
pehem me she widoh da ouhdlvlim. 7Ue eede d dpmreagsh doe 11" lusip wadke, dem NAuM Upward Velocity to the
dm ONhOe vertlltle is"ide e I ecive o eahulated by pee 0 of tdo blade oused of it, sh" outhoard portiesmi

th ~amrue *The vemeooml eckhdvimmm ~ abeut 10% of s Mbld ra1u (fur a asead blade),
eeemmmd to he repemeus by a emmeatraed Ldn ae. he and uaaempeaome the lIne. is the laoard porties of
srmgsh oqalae wu of the verd s ti he -1dihia She blade. The lip wrtim eindimtey below the AMBrAtm
itsour MA ra Is hi md to he swimm tie VW ld a mieS of tAs A hae a Moviag ' I mc to push it upward, saoe they are

blae ~) md hm emtlm h se marel o ~waiiem heatedl f-rhe hsuihemo beelerattipu w r g efarwake
hi sh mudi N m pem te BAt Uip ware. ders, bet "hm acti very limited,

A emreiato she aillamed velmut of a wadies rng hi ahout dsh der at spowd ideed=a hosm the emd or the
added to eauk Uip veete. t Ism r"1 the deimleacy aied AhNedUp vmtme helmd &he aem. The deomo t muei
by sh mupso oM~ft a &m -W radim Per a IS w de. na tht puhshe d at U4 p wades dewe is bea elf~adued wale.-
ase see ume iemes2 Pqiv, whc is IreIeIsIau to the Stemgt of etcaa, md.i

b ff A a 4 (19) 7Wu Prk= eepooaspi a mmath ae
Iudes radbo in a dnser verse, wae (eMInale MWla 644aa

wher r i the oftamgsh of she wadie. ring. med A med ae he husm vaes cese). Carv 2 of Pigme 2 ahe oaseaw
redboo and ser rmilo uep ed v* of tim dmmeo verne. wake. Tbr i a high pea culatioa,

The - radive need i the calmslatiessh b % of dhe blade mie Mhe Up vede.l 11i-e13 helm. the rotor plane atop
radle. &A she Up verboe-m-G raiuma o a *-bladed reler as vey done Is She plane and iduma stm Upward velocities

00 e A i hi IshAd by dhe Mbld I WWe 0.3.0% of On blo b e e oheard pe-I aa o Mhe bd. Out she shrumn coo&
radum tM. Thee i a ipimmetm didreme i Ase onsinude an &* i IMMe. oth she shape of the vertes wae
df the eeU-hidumd veloelt Ipeeel of she Up wartime Ya mad the IeIaul a emth blade everp quite voll. 7Ui caa
emfidmeed velelt im. er -a me m Our she demma be -on kas the lad sue curvea f PFgM 2 and Figur S,
of Up u watie A m omeuve Swu whM& mme mme Wdeated. The aomrical throat coellciu in

F BA _Lp L__i A I.005 foospord wit the Gqpeimmatalao Of 0.001. Pig
UA ofe mOW 30 n4shmoem mparies of 9mM arn olto with the

Isadded to a" up vorbxasockhsUm ourtoradlvIshis dmei aes&ta The ugremet 0 faiy good cMendariag
d 3cec. A waie of 0.5% i and for dw ow. Ahe umrtaislanmd dilluhim involved aumncally med em.

7Ue ememd cas sudied is a UTRtCm (United Techaolo.
ONe aemmIc Comter) Mioly twisted two-hledd roaor. which

Reouraeg emulse obthained after apply*a she rle.- am md by Laodgrehe a hom hovortag-rtor expermes M~
doe md NuMMeMatriMM ~MebMM Then galltlmeM Of themI The tist ratei -6 anmd the aepect ratiois2. ! a the
dibeuet -os hme been completed, med the mohe agree well crculation em the blade and the sape of the vortes wak coo
.1k experimmatm dota. The bes e studied is a Hemy 1/7- aeg quite well (Pigura I tho 12). Th 7u umeical thrunt
eb O.bladed NOWe M wish me mepec ratlie of 13.1. An sop. Ceebimat is 0.00U ad Ahe beat value a 0.00n3. The be

eadrede wades wake IN inue d me the iitial sap of doe cm stua ed"in me ONKRA'm (Offie National dt&udm ot do
wae. weae. The vertidcitysear plothe * intiol saditman bRerchao Amempatialee) linearly twiste four-bladed rotor
of the NMorer-te6how ealeulatiee i Ihw in Figure 1. A simn- jI 1. bm twist rate in -g~ me3 d the mepect ratio in IS The
plied Meokhed, which un a ommm-sate I erto. t repreoa felastes factor Med is the relaxation schem irn thu cam 0
me ibeerd wade.n sheet, I usdfr the bet bar Iteatsmen. 0.25, maef the Selutiem AIVere with a 0.5 relasatjce factor
Thbe pod"si Of te commeatrated wadein I the oatrmd of the The diverimace prohahly macre hecaume the opecag between
Whbed wadeas sheet, and Wem Mstrg i 0 of the mamim the Up wartis onilerw and theo o a e t"i md mor
sireuleliem so She blade. The imopliled oudhed Is denea he. emaeltive to dMaurbmoemn. The aumuerical threat cofciest w
eairit re4suewry Mle empeser time ade, lbw results give 0.001 and the bt value hi 0.007 (IFigur 24 through 19)

4



In Figresm 16 end 17, the tip vertex trqjscloeiu more up be- 121 Seumas J.M., wAdvanced Rotor Analysis Methods for
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Figu. 3: Converging procan of the ciclticis onthe blade Figure 6: 7Ue COmariPOR Of UumsriCal multi with experi-
for the Huey 1/7-ecale two-Waded rotor. mamtal data for the Husy 1/7-mi.l two-bladed rotor.
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Figur : Comemia pocm cc the @IaNe of tere womW Figure?6: Thuergipro of thea were circue wae o the blade
for soe 1z"y 1/7-masin tea ewoo. f/ear Tl@s ertw two-bladedl rotor
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Figure 9: Converging proeum of the circulation on the bMade Figure 12: The comparison of numerical results with experi-
for UTRC's linearly twisted two-bladed rotor. mental data for UTRC's linearly twisted two-bladed rotor.
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Figure 10: Converging p r-- of the shape of the vortex wake Figure 13: The shape of the converged vortex wake for UTRC's
for LJTRC'e linearly twisted two-bWaded rotor. linearly twisted two-bWaded rotor.
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Figure 11: Converging proem of the shape of the vortex walke Figure 14: Converging procem of the circulation on the blade
for UTICas linearly twisted two-Wladed ratee. for ONERA.s linearly twisted four-bladed rotor.
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Figure 15: Converging proem of the circulation on the blade - - - - - - - - - -

for ONERA's linearly twisted four-bladed rotor.
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2 - -- - -Figure 18: The comparison of numerical results with experi-
mental data for ONERA'. linearly twisted four-bladed rotor.

Fiue 1: Cnegn prem ofte sae of th orewk

for ONERA's linearly twisted four-bladed rotor. M

___ - __0? Figrm 19- The shape of the converged vortex wake for ON-

A ERA'@ linearly twisted four-bladed rotor.

Figure 1?: Converging V rcs of the shape of the vortex wae
for ONERA's linearly twisted four-Wladed roftor.
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